The raw and boiled odors of celery leaves and stalks were investigated. Among 12 compounds identified as potent odorants, 3-n-butylphthalide 1, sedanenolide 2, and trans-and cis-sedanolides 3, 4 were assessed to be most contributive to the overall odor of celery. These three phthalides, (3E,5Z)-1,3,5-undecatriene, myrcene, and (E)-2-nonenal were common to both raw and boiled materials. Two compounds, ((Z)-3-hexenal and (Z)-3-hexenol), were dominant in raw materials and four compounds, (2-methylbutanoic acid, sotolon, -damascenone, and -ionone), were dominant in boiled materials. Sensory evaluations were performed on natural celery odor and a series of reconstructed model aromas by assigning each intensity ratings for a set of seven odor qualities which aptly describe the odors of raw and boiled celery. According to the evaluation results, six common components contributed to the moderate odor of raw celery, two components dominant in raw materials enhanced the raw celery character, and four components dominant in boiled materials reduced the raw celery character and enhanced the boiled celery character. It was clarified that boiling-induced changes in celery odor were not affected by the amounts of phthalides, but by thermally generated compounds such as sotolon, -damascenone, and -ionone, which reduce the ''green spicy'' note.
consommés, marinades, pot-au-feu, stir-fried dishes, and other recipes.
Many studies have been done on the volatile constituents of celery over the past decades. Among these constituents, the alkylphthalides have been recognized to be particularly important. Berlingozzi et al. identified alkyl and alkylidenephthalides in celery volatiles and discussed the correlation between chemical structures and sensory properties. 1) Gold and Wilson isolated celery volatiles by vacuum distillation and concluded that alkylidene (3a,4)-dihydrophthalides were the principal contributors to celery flavor. 2) In those early works, however, the phthalides could not be successfully separated by gas chromatography (GC) due to their instabilities in GC columns. In 1987, Uhlig separated 3-n-butylphthalide 1, sedanenolide (3-n-butyl-4,5-dihydrophthalide) 2, and sedanolide (3-n-butyl3a,4,5,6-tetrahydrophthalide) 3 and/or 4 from eight cultivars of celery and three cultivars of celeriac by high performance liquid chromatography (HPLC).
3) They concluded, through sensory evaluation, that sedanolide was the main contributor to the characteristic odor of celery. MacLeod identified limonene and sedanenolide as major components of celery through detailed analyses of the volatile components of celery and celeriac using GC, GC-mass spectrometry (GC/MS), and GC-olfactometry (GC/O). 4) Bartschat and colleagues explained that the 3S configuration in the 3-n-butylphthalides and the (3R,3aR,7aS) and (3S,3aR,7aS) configurations in the 3-n-butylhexahydrophthalides are dominant in celery. 5) Various physiological activities of the butylphthalides such as anti-inflammatory, anti-carcinogenic, and insecticidal effects have recently been attracting interest. [6] [7] [8] In addition to the phthalides, other volatile constituents have also been investigated. Wilson also identified several mono-and sesquiterpene hydrocarbons, alcoy To whom correspondence should be addressed. Tel/Fax: +81-3-5978-2557; E-mail: kubota@cc.ocha.ac.jp Abbreviations: GC, gas chromatography; GC/MS, gas chromatography-mass spectrometry; GC/O, gas chromatography-olfactometry; SAFE, solvent assisted flavor evaporation; FID, flame ionization detector; AEDA, aroma extract dilution analysis; FD, flavor dilution; IS, internal standard hols, and carbonyl compounds in celery essential oil. [9] [10] [11] Tang identified 34 compounds, including 7 phthalides, in free and glycosidically bound fractions. 12) Despite these various studies, comparisons of the parts of the celery plant or samples processed by different thermal treatments have not been done. Organoleptically, the flavors produced from different parts of the plant and by different treatments can be distinguished easily. When the leaves and stalks of celery are consumed as food stuffs, the flavors certainly vary when prepared by different methods such as boiling, steaming, frying, etc. Though Wilson compared the constituents of celery essential oils possessing fresh and cooked odor, 9, 10) the methods used for recovering those essential oils were far from the standard practices of cooking.
In this paper, the raw and boiled aromas of leaves and stalks in celery were investigated individually with GC, GC/MS, and GC/O. In addition, each flavor quality was characterized by sensory evaluation using reconstructed models of celery aroma mixtures.
Materials and Methods
Materials. Celery grown in Nagano Prefecture was purchased at a local market.
Chemicals. The following chemicals were commercially obtained: pentyl pentanoate, 3-methylpentanol, 1-tridecene (Tokyo Kasei Kogyo, Tokyo, Japan), sedanolide from celery (Wako Pure Chemical Industries, Osaka, Japan. The 1 H-NMR and 13 C NMR spectra and specific rotation of this chemical were identical with those reported for trans-neocnidilide, viz., trans-sedanolide 4, 13, 14) ), 3-propylidenephthalide (International Flavors and Fragrances, NJ, USA), and 3-n-butylphthalide (Givaudan, Vernier, Swizerland). Sedanenolide was synthesized according to the method of Li et al.
15)
Analysis of celery aroma. Isolation of celery volatiles. Two bunches of celery were separated into leaves and stalks, then each component was further divided into two portions. The two leaf portions were cut into approximately 3-cm squares that weighed 400 g each. One portion was soaked in 2,000 g of distilled water for 1 h and the other was boiled in 2,000 g of distilled water in a stainless steel pot over a low flame for 1 h (mimicking the preparation of celery broth). The two stalk portions were cut into 1-cm strips, each weighing 1,200 g. One portion was soaked in 2,400 g of distilled water for 1 h and the other was boiled in 2,400 g of distilled water for 1 h. After being filtered, each filtrate was extracted with diethyl ether, and each oil layer was concentrated to approximately 50 ml under atmospheric pressure, followed by distillation using a solvent assisted flavor evaporation (SAFE) apparatus at a temperature of 40 C and a pressure of 3 Â 10 À3 Pa using a diffusion pump. 16) After drying over sodium sulfate, the distillates were concentrated to approximately 20 ml under atmospheric pressure. GC and GC/MS conditions. GC analyses were performed with an Agilent 6890 GC equipped with a TC-1 capillary column (60 m Â 0:25 mm i.d., 0.25 mm film thickness, GL Sciences, Tokyo, Japan) and a flame ionization detector (FID). The inlet and detector were maintained at a temperature of 250 C. The oven was kept at a temperature of 40 C for 3 min, then the temperature was raised to 300 C at a rate of 3 C/min. Helium gas at a flow rate of 1.5 ml/min was used as the carrier gas. GC/MS analyses were performed with an Agilent 5973 mass selective detector in full scan mode. The GC was operated under the above conditions. GC/O. The flavor dilution (FD) factors of odor-active compounds were determined by the method of aroma extract dilution analysis (AEDA).
17) The serial dilutions (1:5) of all of the volatile concentrates with dichloromethane were assessed by GC/O. The GC conditions were the same as those described above, with the exception of the column length (30 m Â 0:25 mm i.d.). The effluent was split into equal parts at the end of the column and the parts were conveyed to an FID and a sniffing port respectively.
Quantification of phthalides. The levels of 3-nbutylphthalide, sedanenolide, and the total of transand cis-sedanolides in the raw and boiled whole leaves and stalks were quantified. One hundred grams of stalks and 60 g of leaves separated from the same bunch of celery were homogenized in 200 and 300 ml of distilled water respectively, then each was further divided into two portions. One portion was filtered immediately and the other was filtered after refluxing for 1 h at atmo- 1, 3-n-butylphthalide; 2, sedanenolide (3-n-butyl-4,5-dihydrophthalide); 3, trans-sedanolide (trans-3-n-butyl-3a,4,5,6-tetrahydrophthalide); 4, cis-sedanolide (cis-3-n-butyl-3a,4,5,6-tetrahydrophthalide). spheric pressure. The residues were extracted with methanol and filtered again. Both filtrates of each sample were centrifuged together (4 C, 3,000 rpm, 15 min), then the upper layers were collected and applied on porapak Q columns (2.5 cm i.d. Â 13 cm, GL Sciences, Tokyo, Japan). After desorption with diethyl ether and n-pentane (3:2), 3-propylidenephthalide was added as an internal standard (IS, 2.08 ppm and 0.21 ppm for leaves and stalks respectively). The experiment was performed in duplicate. The amounts of phthalides were determined by gas chromatography using the calibration curves of IS and each compound.
Quantification of other odor-active compounds. For application of chemical analysis to practical cuisine such as bouillon and broth, concentrations of 13 compounds thought to be most odor active, viz., (Z)-3-hexenal, (Z)-3-hexenol, 2-methylbutanoic acid, myrcene, sotolon, (E)-2-nonenal, (3E,5Z)-1,3,5-undecatriene, -damascenone, -ionone, 3-n-butylphthalide, sedanenolide, and trans-and cis-sedanolides in the raw and boiled water extracts were quantified with each IS listed in the footnote to Table 3 . The volatile isolation was performed by basically the same method as described in the foregoing section on the ''Isolation of celery volatiles,'' but with the addition of the internal standards in adequate amounts to the four water extracts of the raw and boiled leaves and stalks. Materials used for these quantifications were different from those used for quantification of phthalides, so the concentrations of them differed because of the individual variations. The amounts of the compounds were determined by the ratios of the peak areas of the compounds and the internal standards obtained by either GC/FID or distinctive ion chromatograms of GC/MS using the calibration curves.
Sensory evaluation. Ten panelists (seven males and three females, aged 24 to 44 years) evaluated the odors of the celery. Before the evaluation sessions, the panelists collaboratively selected a set of seven qualities that aptly describe the odors of raw and boiled celery: ''grassy green,'' ''green spicy,'' ''sweet (reminiscent of boiled vegetables),'' ''(seasoned) soup-like,'' ''sharp,'' ''mellow,'' and ''complex.'' Panelists were also trained to share common perceptions on the intensity rankings of all of odor qualities rated.
Four evaluation sessions were conducted: the first to evaluate the natural celery aroma, the second and third to evaluate the reconstructed model aroma, and the fourth to elucidate the effects of the respective components.
Odors of natural celery extracts. Water extracts of raw and boiled leaves and stalks were prepared. The extracts of raw materials were used within 1 h of preparation to avoid deterioration of odor qualities. Ten grams of each extract was placed into a covered glass vessel (30 ml volume capacity). The panelists were requested to sniff the headspace of each extract and to estimate the intensities of the seven odor qualities using a 4-point intensity scale from 0 (none) to 3 (strong).
Odors of reconstructed aromas. The model celery aromas were reconstructed with the 12 compounds listed in Table 3 . Although the content of sedanolide was calculated as the total of trans-and cis-isomers in Table 3 , commercially available trans-sedanolide alone was included in the reconstructed mixture. All of the compounds except myrcene and (3E,5Z)-1,3,5-undecatriene (with acetone) were diluted with ethanol to a 1% concentration and then further diluted with commercial bottled soft water and mixed in the amounts based on the quantification results shown in Table 3 . The odors of the four reconstructed model aromas were evaluated by the same method of aroma profiling as described above.
Odors of separately mixed model aromas. Among the 13 potent odor compounds identified in the raw and boiled stalks and leaves, the seven odorants sedanenolide, trans-and cis-sedanolides, 3-n-butylphthalide, (3E,5Z)-1,3,5-undecatriene, myrcene, and (E)-2-nonenal were identified in both raw and boiled materials. A further two compounds, (Z)-3-hexenal and (Z)-3-hexenol, and the four compounds 2-methylbutanoic acid, sotolon, -damascenone, and -ionone were dominant in the raw and boiled materials respectively. To ascertain how effective the common components were for both raw and boiled aroma, sensory evaluation was performed using separately reconstructed model aromas. The compounds identified in common in the raw and boiled materials (marked with ''c'' in Table 3 ), the compounds dominant in the raw materials (marked ''r''), and the compounds dominant in the boiled materials (marked ''b'') were separately mixed in amounts based on the quantified results and named the ''common part,'' the ''raw part,'' and the ''boiled part'' respectively. To simplify the experiment, the common components were mixed based on the proportions of the raw materials. The following five models were presented in the sessions and evaluated by aroma profiling: the common part only, the raw part only, the boiled part only, a blend of the common and raw parts, and a blend of the common and boiled parts.
Effects of respective components on the overall odor of celery. Six model solutions for the leaves and four model solutions for the stalks were singly prepared from the common part by adding one component found to be dominant in either the raw or boiled materials. In the evaluation sessions, the panelists examined the common part and the added model solutions, and indicated whether the intensities of the seven odor qualities of the latter were ''þ'' (increased), ''0'' (equal), or ''À'' (decreased) in comparison with the intensities of the former.
Results and Discussions
Analysis of celery aroma Four volatile concentrates were obtained from raw and boiled leaves and stalks of celery by extraction with diethyl ether and the subsequent SAFE distillation. Their odor qualities were similar to those of the sample materials. By means of GC and GC/MS, 10 and 18 compounds were identified in raw and boiled celery volatiles, respectively. Among these, (Z)-3-hexenal, (E)-2-nonenal, 3-methylbutanoic acid, 2-methylbutanoic acid, sotolon, 4-hydroxy-2,5-dimethyl-3(2H)-furanone, vanillin, -damascenone, -decalactone, and -ionone were identified newly in celery in this study.
18)
Odor-active compounds FD factors of odor-active compounds in the raw and boiled celery leaves and stalks are shown in Table 1 . Though sedanenolide, trans-and cis-sedanolides, and ligustilide could not be separated in the effluent at the sniffing port because of their high boiling points, these phthalides and 3-n-butylphthalide were found to have the highest FD-factors among the four volatile concentrates. Their odor qualities, sweet spicy and green spicy, were strongly reminiscent of the celery note and were thought to be most contributive to the odors of all parts and all preparations of the celery.
In addition to the phthalides, (Z)-3-hexenal and (Z)-3-hexenol had the highest FD-factors in raw leaves but somewhat lower values in raw stalks. The FD-factors of these compounds also decreased or were not detected after boiling, whereas those of 2-and 3-methylbutanoic acids, acetic acid, sotolon, 4-hydroxy-2,5-dimethyl-3(2H)-furanone, vanillin, and -damascenone increased or were newly detected after boiling in both leaves and stalks. In leaves, the factor of -ionone increased significantly.
(3E,5Z)-1,3,5-Undecatriene, myrcene, and (E)-2-nonenal were detected with high FD-factors in the four volatile concentrates. (3E,5Z)-1,3,5-Undecatriene is known to be distributed widely in vegetables and to have a low odor threshold with a characteristic note of fresh fruity fragrance. 4, 19, 20) Quantification of phthalides The phthalides were quantified to elucidate differences between leaves and stalks in both raw and boiled states. The method described in the section on the ''Isolation of celery volatiles'' was intended to isolate the volatiles as naturally as possible, and mimicked practical cooking of celery broth. Hence, in the experiments to quantify the phthalides, we revised our method as described above in order to prevent loss in phthalide recovery.
As shown in Table 2 , the total amounts of phthalides in the leaves were 4 to 5 times greater than those in the stalks. Sedanenolide was the most abundant of the three compounds in both the leaves and stalks. The total of trans-and cis-sedanolides was second most abundant in the leaves, and least abundant in the stalks. The ratio of sedanolides to sedanenolide was 26 to 33% in leaves and 2.1 to 2.6% in stalks. The ratio of 3-n-butylphthalide was 5.0 to 7.8% to sedanenolide in leaves and stalks. There were no significant differences in the amounts of phthalides as between raw and boiled materials. These results indicate that these phthalides were not formed and did not deteriorate during boiling under the heating conditions in this study.
Quantification of other odor-active compounds Table 3 lists the concentrations of 13 compounds thought to be the most odor-active in the water extracts of raw and boiled celery. (Z)-3-Hexenal was detected only in raw leaves, and (Z)-3-hexenol was detected 500 times more abundantly in raw leaves than in raw stalks. 2-Methylbutanoic acid was detected 72 and 25 times more in boiled leaves and stalks than in their raw materials respectively. Sotolon, -damascenone, andionone were detected only in boiled materials. These results show that a larger amount of odor-active components are included in leaves than in stalks.
The levels of phthalides in boiled leaves were higher than those shown in Table 2 . These inconsistencies are thought to have been caused by different isolation methods and the individual variations.
Sensory evaluation Odors of natural celery extracts
The odor profiles of natural celery extracts were drawn in a radar chart using the seven odor qualities and their average scores obtained by sensory evaluation. As shown in Fig. 2 , the profiles of the natural celery extracts in the raw state significantly differed from those in the boiled state. The intensities of ''grassy green,'' ''green spicy,'' and ''sharp'' were higher in the raw state, whereas the intensities of ''sweet,'' ''soupy,'' ''mellow,'' and ''complex'' were higher in the boiled state.
Odors of reconstructed aromas The odor profiles of the reconstructed model celery aromas and natural celery extracts are shown in Fig. 3(1-4) . The odor profiles of the model aromas of the raw leaves and stalks were similar to those of the natural extracts (Fig. 3-1 and 3-3) . In contrast, the profiles of the model aromas of the boiled leaves and stalks were not similar to those of the natural extracts ( Fig. 3-2 and 3-4) with lower intensities of ''sweet,'' ''soupy,'' and ''complex.'' In comparison with the raw model aroma, however, the boiled model aromas had lower intensities of ''grassy green,'' ''green spicy,'' and ''sharp,'' and higher intensities of ''sweet,'' ''soupy,'' and ''complex.'' These changes were consistent with the characteristic changes in the natural raw and boiled celery aroma. According to these results, it was confirmed that the 12 compounds selected as potent odorants here appear to contribute to the odors of raw and boiled celery.
Odors of separately mixed model aromas Among the 13 compounds listed in Table 3 , sedanenolide, 3-n-butylphthalide, and trans-and cis-sedanolides were estimated to be the most characteristic odorant components of celery aroma by GC/O. These 
a amounts in water phase of raw and boiled extraction by materials. b c, b, r in parenthesis following compound means ''identified commonly in raw and boiled materials,'' ''identified dominantly in boiled materials,'' ''identified dominantly in raw materials'' respectively. c,d,e,f,g,h,i quantified with 2-hexanone, 3-methylpentanol, 3-methylpentanoic acid, 3-hydroxy-2-pentanone, 1-tridecene, 2-tridecanone and 3-propylidenephthalide as a internal standard, respectively. j for reconstruction, trans-sedanolide was used. phthalides were common to both raw and boiled states, although the overall odors of celery in these two states significantly differed (see Fig. 2 ). We attempted to ascertain the odor qualities that these phthalides contributed to by reconstructing the model aromas separately in three parts: a part including compounds identified commonly in raw and boiled materials, the part including compounds identified dominantly in raw materials, and the part including compounds identified dominantly in boiled materials. Figure 4 -1 shows the profiles of the common part, the raw part, and a mixture containing both parts reconstructed in proportions based on the amounts in the raw leaves. The profile of the common part was similar to that of natural raw stalks, with a strong ''green spicy'' note, ''sharpness,'' and a moderate ''grassy green'' note. The profile of the raw part slightly resembled that of natural celery, with a strong ''grassy green'' note and ''sharpness,'' combined with a weak ''green spicy'' note. The mixing of the common and raw parts produced an odor similar to that of natural raw celery leaves: the ''grassy green'' and ''sharpness'' were enhanced, while the ''green spicy'' remained unchanged. According to the quantification results (Table 3) , the amounts of (Z)-3-hexenal and (Z)-3-hexenol were much smaller in raw stalks than in leaves. The proportions of components in the common part of raw leaves resembled those in whole raw stalks.
This suggests that the common components in leaves including the three phthalides contribute substantially to the odor of raw celery. Figure 4 -3 shows the aroma profiles of the three parts based on the raw stalks. The only intense odor quality of the raw part was ''grassy green,'' and the mixture of this part with the common part did not bring about changes in the odor of the latter. Figure 4 -2 and 4-4 shows the profiles of the parts reconstructed based on boiled leaf and stalk aroma. The overall intensities of the boiled parts were weak, and the odor qualities were dissimilar to those of natural celery. The mixtures with the common parts had enhanced ''sweetness'' and ''mellowness'' (significantly enhanced in the case of the stalks), together with somewhat weaker intensities in the ''sharp'' and ''green spicy'' notes. These results indicate that the common components contribute to the moderate odor of raw celery, and the compounds identified dominantly in raw materials enhance the ''sharp'' and ''green grassy'' notes, which are characteristic of raw celery, whereas the compounds identified in boiled materials enhance ''sweetness'' and ''mellowness'' together with reduced ''sharp'' and ''green spicy'' notes, that is, the same changes in natural celery aroma brought about by boiling as described above. Effects of the respective components on the overall odor of celery To identify the most effective component for enhancing the raw or boiled celery note, each compound was singly added to the common part. Table 4 shows the number of ''þ (increased)'' and ''À (decreased)'' Common part: the mixture of potent odorants found in both raw and boiled celery commonly, boiled part: the mixture of odorants detected dominantly in boiled celery, raw part: the mixture of odorants detected dominantly in raw celery. evaluations assigned to each intensity rated in the session. According to the number of ''À,'' sotolon significantly reduced the ''green spicy'' note (P < 0:05 and P < 0:01 in leaf and stalk solution respectively), and -damascenone and -ionone tended to reduce the ''green spicy'' note in the leaf and stalk solution.
Damascenone also tended to reduce the ''sharp'' and ''green grassy'' notes in the stalk solution. No significant differences were observed in the ''sweet,'' ''mellow,'' ''complex,'' or ''soupy'' notes of boiled celery or the ''sharp'' and ''green grassy'' notes of raw celery in this session. No other compound alone affected the odor quality significantly, and it was suggested that certain mutual interactions among the compounds might be related.
Although much research has been reported on the odor of celery, the overall odors of celery leaves and stalks in both raw and boiled states prepared under the same conditions were analyzed and compared for the first time in this study. It was clarified that boilinginduced changes in celery odor are not due to changes in the amounts of phthalides, which have been regarded as the most characteristic odorants in celery, but rather to increases in the amounts of sotolon, -damascenone, and -ionone, i.e., thermally generated compounds which reduce the ''green spicy'' note, the most characteristic odor of raw celery. The changes in odor profiles after boiling were more remarkable in the leaves than in the stalks because the amounts of odor active compounds in both the raw and boiled states were larger.
